Objective: Examine the association of white matter hyperintensities (WMH) with risk of incident mild cognitive impairment (MCI) and rate of decline in multiple cognitive systems in community-based older persons. Methods: Participants (n = 354) were older persons initially free of cognitive impairment from two ongoing longitudinal epidemiologic studies of aging. All underwent brain magnetic resonance imaging (MRI) for quantification of WMH and gray matter volumes and detailed annual clinical evaluations including 17 cognitive tests. Proportional hazards models were used to examine the relationship between WMH and incident MCI, and mixed-effects models were used to examine the relationship between WMH and decline in global cognition and five specific cognitive systems. Results: During up to about 6 years of follow-up (mean = 4.1), 106 (30% of 354) persons developed MCI. In a proportional hazards model adjusted for age, gender, and education, WMH volume was associated with a substantially increased risk of MCI (P < 0.001). Thus, a person with a high WMH volume (90th percentile) was about 2.7 times more likely to develop MCI compared to a person with a low volume (10th percentile). WMH volume also was associated with an increased rate of decline in global cognition (P < 0.001), perceptual speed, working memory, episodic memory, and semantic memory. Associations persisted after adjustment for total gray matter volume, vascular risk factors, and vascular diseases. Interpretation: WMH contribute to the development of MCI and are associated with progressive decline in multiple cognitive systems in old age.
Introduction
White matter hyperintensities (WMH), alterations in brain white matter identified via magnetic resonance imaging (MRI), are common in old age and associated with cognitive impairment and dementia. [1] [2] [3] [4] [5] [6] [7] However, the relation of WMH with the risk of developing mild cognitive impairment (MCI), often the precursor to Alzheimer's disease, remains unclear. Although some evidence suggests that WMH may increase the risk of MCI, data come mainly from studies that included small or highly selected samples (i.e., clinic-based persons), used semiquantitative ratings of WMH, and did not involve annual assessments of cognition. 2, 8, 9 Furthermore, findings are inconsistent; whereas one study of 67 cognitively intact persons found that WMH were associated with the development of MCI, a considerably larger study did not, particularly when other MRI indices were included in the analyses. 8, 9 The degree to which WMH contribute to progressive cognitive decline among older persons initially free of cognitive impairment also is poorly understood. Cross-sectional studies have shown that WMH are associated with subtle cognitive decrements, particularly in perceptual speed and executive functions, [10] [11] [12] but little data are available on the relation of WMH with cognitive decline among persons initially free of cognitive impairment. 7, [13] [14] [15] [16] A better understanding of the degree to which WMH increase the risk of MCI and contribute to progressive decline in multiple cognitive systems is needed to facilitate strategies to promote cognitive health in old age.
In this study, we examined the association of WMH with the risk of developing MCI and rate of decline in multiple cognitive systems using data from 354 well-characterized community-based older persons initially free of cognitive impairment. Participants came from two ongoing longitudinal clinical-pathologic studies of aging, the Rush Memory and Aging Project and the Religious Orders Study. 17, 18 All underwent brain MRI for uniform quantification of WMH and gray matter volumes, which allowed us to examine the independent contribution of WMH to cognitive outcomes over and above gray matter volume. Participants also completed detailed annual clinical evaluations including multiple cognitive tests, which allowed for careful clinical classification and precise estimation of rates of decline in specific cognitive systems. 10, 17, 18 Proportional hazards models were used to examine the relation of WMH with incident MCI, and mixed-effects models were used to examine the relation of WMH with rates of decline in global cognition and five specific cognitive systems. Supporting analyses examined whether the effects of WMH on cognition were independent of gray matter volume, vascular risk factors, and vascular diseases.
Methods Participants
Data came from participants of two ongoing communitybased cohort studies of aging and dementia, the Rush Memory and Aging Project and the Religious Orders Study. 10, 17, 18 Both studies were approved by the Institutional Review Board of Rush University Medical Center. Importantly, the two studies are nearly identical in design and implementation. Both studies recruit participants from residential facilities, enroll older persons without known dementia, employ nearly identical detailed annual assessments, and require brain donation. An informed consent and anatomical gift act were obtained from each participant and all agreed to detailed annual evaluations and brain donation.
The Rush Memory and Aging Project and the Religious Orders Study started in 1997 and 1994, respectively. Neuroimaging was initiated in 2009, first in the Memory and Aging Project and subsequently in the Religious Orders Study. 10 As a result, this study involves a subset of participants with neuroimaging data. At the time of analyses, 456 participants had completed at least one MRI scan that was processed for WMH data. For participants with multiple scans, data from the first scan were used. Of the 456 participants, we excluded 9 with a prior history of dementia, 83 who were diagnosed with MCI at the time of MRI scan, and 10 yet to have longitudinal cognitive data (2+ evaluations). This left a total of 354 participants eligible for analyses: the vast majority of these (n = 317) are from the Memory and Aging Project due to the earlier start of imaging in that study. The average age of participants was 80.5 years (Standard deviation [SD] = 7.1 years) and average years of education was 15.7 years (SD = 3.2 years). A majority were women (N = 272, 76.8%).
Clinical evaluation and assessment of cognition
All participants underwent structured annual clinical evaluations, which included medical history, detailed cognitive testing (see below), and neurological examinations. 17, 18 Annual follow-up clinical evaluations are identical in all essential details and conducted by clinicians blinded to prior data. Cognitive function is evaluated at each evaluation using a standardized battery of 17 cognitive performance tests. 19, 20 These include measures of episodic memory (i.e., word list memory, recall, and recognition, immediate and delayed recall of the East Boston story, and story A from Logical Memory), semantic memory (i.e., verbal fluency, a 15-item form of the Boston Naming Test, and a modified NAART), working memory (i.e., digit span forward, digit span backward, and digit ordering), perceptual speed (i.e., number comparison and Symbol Digit Modalities Test), and visuospatial ability (i.e., short forms of Judgment of Line Orientation and Standard Progressive Matrices). Composite measures of global cognitive function and five specific cognitive systems (i.e., perceptual speed, working memory, episodic memory, semantic memory, and visuospatial ability) were computed. Raw scores of individual tests were standardized using the baseline mean and standard deviation of the pooled cohorts, and then averaged across systems to derive composite measures.
Briefly, diagnostic procedures are as follows. but not determined to have dementia, as detailed in numerous prior publications. 17, 18, 20 Image acquisition, image processing, and quantification of WMH Brain MRI data were collected at multiple facilities in order to accommodate persons from diverse geographical areas, but all used a 1.5 Tesla General Electric (Waukesha, WI) MRI scanner and the same imaging protocol. Highresolution T 1 -weighted anatomical data were obtained using a 3D magnetization-prepared rapid acquisition gradient echo (MPRAGE) sequence with the following parameters: echo time (TE) = 2.8 msec, repetition time (TR) = 6.3 msec, preparation time = 1000 msec, flip angle = 8°, field of view (FOV) = 24 cm 9 24 cm, 160 sagittal slices, 1 mm slice thickness, no gap, 224 9 192 acquisition matrix reconstructed to a 256 9 256 image matrix, and two repetitions. T2-weighted fluid-attenuated inversion recovery (FLAIR) data were collected using a 2D fast spin-echo sequence with the following parameters: TE = 120 msec, TR = 8 sec, inversion time = 2 sec, FOV = 24 cm 9 24 cm, 42 oblique axial slices, slice thickness = 3 mm, no gap, and 256 9 224 acquisition matrix reconstructed to a 256 9 256 image matrix.
WMH and total gray matter volumes were obtained, as previously described. 10 Briefly, the two copies of T 1 -weighted MPRAGE data collected on each participant were spatially coregistered and averaged. The result was then registered to the T 2 -weighted FLAIR data using affine registration (FLIRT, FMRIB [Oxford Centre for Functional Magnetic Resonance Imaging of the Brain], University of Oxford, UK). The brain was extracted from the coregistered MPRAGE and FLAIR image volumes (BET, FMRIB, University of Oxford). WMH were automatically segmented for each participant using a support vector machine classifier using T 1 -weighted MPRAGE and T 2 -weighted FLAIR information (WMLS, SBIA [Section of Biomedical Image Analysis], University of Pennsylvania). The total WMH volume for each participant was normalized by the corresponding intracranial volume (ICV) generated by FreeSurfer (http://surfer.nmr.mgh.harvard.edu) based on the averaged raw T 1 -weighted MPRAGE data. The measure was then logarithm transformed to reduce skewness. Gray matter was automatically segmented for each participant using FreeSurfer (http://surfer.nmr.mgh.harvard.edu) and the total gray matter volume also was normalized by the corresponding ICV generated by FreeSurfer.
Vascular risk factors and disease
Summary scores indicating each participant's vascular risk burden (i.e., the sum of hypertension, diabetes mellitus, and smoking, resulting in a score from 0 to 3) and vascular disease burden (i.e., the sum of heart attack, congestive heart failure, claudication, and stroke, resulting in a score from 0 to 4) were computed on the basis of selfreport questions, clinical examination, and medication inspection, as previously described. 20 
Statistical analysis
For these analyses, the visit of first MRI scan was used as analytic baseline. Pairwise correlations, t-tests, and Chisquare tests described the bivariate associations of the variables of interest at baseline. To examine the association of WMH volume with incident MCI, we fit a series of Cox proportional hazards models. In these models, the outcome variable was time in years to incident MCI (event time), and the predictor was WMH volume. The event time was right censored for participants without a diagnosis of MCI during follow-up. The primary model was adjusted for age, gender, and education. Subsequent models included terms to investigate whether the association of WMH with MCI was independent of total gray matter volume, as well as vascular diseases and vascular risk factors. Next, we examined the association of WMH volume with subsequent change in cognition using mixed-effects models. In this approach, we used linear models to capture individual rates of change in cognition since the MRI scan. The mean baseline level (intercept) and rate of decline (slope) in cognition were functions of WMH volume. Person-specific deviations from mean change in cognition were estimated by random effects. These models used annual cognitive measures as the continuous longitudinal outcome, and included terms for WMH, time in years since MRI scan, as well as a WMH x time interaction. The coefficient for the term WMH estimated the association with baseline level of cognition, and the coefficient for the interaction estimated the association with rate of decline in cognition. The primary analysis examined the association of WMH with change in global cognition. Subsequent models examined the relation of WMH with change in specific cognitive systems including perceptual speed, working memory, episodic memory, semantic memory, and visuospatial ability. Analyses were performed using SAS/STAT software, version 9.3 [SAS Institute Inc., Cary, NC]. Statistical significance was determined at the nominal level of a = 0.05.
Results

Participant characteristics
Characteristics of the study participants are summarized in Table 1 . All were free of cognitive impairment at the analytic baseline. They were subsequently followed for an average of about 4 years (SD = 1.3, range: 1-6 years), and approximately a third (N = 106, 29.9%) developed MCI during the follow-up period. Greater WMH volume was associated with older age (Spearman correlation r = 0.423, P < 0.001) but not education, and there was a trend toward greater WMH volumes among women compared to men (P = 0.054). Greater WMH volume was associated with lower baseline levels of global cognition (Spearman correlation r = À0.174, P = 0.001), lower total gray matter volumes (Spearman correlation r = À0.407, P < 0.001), and more vascular diseases (Spearman correlation r = 0.220, P < 0.001); WMH was not associated with vascular risk factors.
WMH and incident MCI
During up to 6 years of follow-up, 106 (30% of 354) persons developed MCI. We examined the association of WMH volume with incident MCI in a series of proportional hazard models. In the core model (Model 1, Table 2 ), adjusted for age, gender, and education, WMH volume was associated with a substantially increased risk of incident MCI, such that every 1 SD increase in WMH was associated with a 1.43 increase in the risk of MCI (P = 0.002). To illustrate the magnitude of this result, compared to a typical participant (i.e., female, 80 years of age, 16 years of education) with a low (10th percentile: À0.76) WMH volume at baseline, the risk of incident MCI was 2.67 times higher for a female participant with the same age and education but high (90th percentile: 0.37) WMH volume (Figs. 1, 2) . Next, as WMH volume was negatively associated with total gray matter volume and this additional measure of brain integrity may account for the association of WMH with MCI, we augmented the core model by further adjusting for total gray matter volume (Model 2, Table 2 ). In this model, gray matter volume was only marginally related to incidence of MCI, and the association of WMH with MCI was essentially unchanged. This suggests that the association of WMH with MCI is relatively independent of gray matter volume.
Finally, because vascular risk factors and diseases may also confound the association of WMH with MCI, we augmented the core model by including total gray matter volume and two additional terms for summary measures of vascular risk factors and vascular diseases (Model 3, Table 2 ). In this analysis, gray matter volume was again marginally associated with incident MCI, but vascular risk factors and diseases were not associated with incident MCI. The association of WMH again persisted. 
WMH and rate of decline in global cognition
Because cognition deteriorates slowly over years before diagnostic criteria for cognitive impairment are met and the association of WMH with subsequent cognitive decline remains poorly understood, we next examined the association of WMH with the rate of cognitive decline in analyses that simultaneously consider the starting level of cognition. The initial model examined the association of WMH with both the initial level and rate of decline in global cognition (Table 3) . After adjustment for age, gender, and education, greater WMH volume was associated with a lower initial level of global cognition (Estimate = À0.118, Standard error [SE] = 0.016, P = 0.033). Furthermore, WMH volume was associated with an increased rate of decline in global cognition (Estimate À0.055, SE = 0.016, P < 0.001), as illustrated in Figure 3 . This finding was unchanged after adjustment for total gray matter volume, vascular risk factors, and diseases (data not shown).
WMH and rate of decline in five specific cognitive systems Next, because the cognitive profile associated with WMH remains unclear, we examined the relation of WMH with the initial level and rate of decline in five specific cognitive systems in a series of mixed-effects models. Consistent with our prior report, WMH volume was strongly associated with the initial level of perceptual speed (Table 3 , Estimate = À0.384, SE = 0.093, P < 0.001), but was not associated with the initial level of any other cognitive system. However, WMH volume was associated with an increased rate of decline in 4 of the 5 specific cognitive systems, including perceptual speed (P = 0.005), working memory (P < 0.001), episodic memory (P = 0.003), and semantic memory (P = 0.003).
The association of WMH with the initial level of perceptual speed but not with the initial level of any of the other systems suggests that WMH affect perceptual speed at relatively younger ages compared to other cognitive systems. To directly examine whether the association of WMH with perceptual speed emerged before other cognitive systems, we added terms for the interaction of age and WMH to the mixed-effects models examining decline in the four cognitive systems for which WMH volume was significantly associated with decline. In these models, there was evidence of age by WMH interactions on the initial level of cognition, such that the older the baseline age, the stronger the association of WMH with initial level of cognition, particularly for the domain of perceptual speed, with trends for the other domains. By contrast, the associations of the interactions with decline in cognition were not significant (Table 4 ). Figure 4 illustrates the relations of age and WMH volume with both the initial level and rate of decline for each of the cognitive systems. Each pair of line segments (blue vs. red) represents the predicted trajectories in 5-year intervals for persons with high (90th percentile) versus low (10th percentile) WMH volumes at different ages (e.g., 70, 75, 80). Notably, the association of WMH volume with perceptual speed emerged at relatively younger ages (i.e., prior to age 80). By contrast, the associations of WMH volume with other cognitive systems emerged at relatively older ages (i.e., after age 80). 
Secondary analyses
Because the association of WMH with perceptual speed emerged earlier than other cognitive domains, we sought to examine whether the association of WMH with the rate of decline in the other cognitive systems persisted after adjustment for perceptual speed. Thus, we repeated the analyses examining decline in working memory, semantic memory, and episodic memory with an additional term controlling for the initial level of perceptual speed. Interestingly, the results for decline in the other cognitive domains persisted even after adjustment for the starting level of perceptual speed (all P's <0.01). This suggests that the association of WMH with decline in the other cognitive systems is relatively independent of the initial level of perceptual speed.
Discussion
In this study of more than 350 well-characterized older persons initially free of cognitive impairment, we found that WMH were associated with a substantially increased risk of incident MCI and that this association was independent of gray matter volume, vascular risk factors, and vascular diseases. Furthermore, in analyses based on cognitive data collected annually for up to 6 years postimaging, WMH were associated with increased rates of decline in global cognition, perceptual speed, working memory, episodic memory, and semantic memory. Finally, the effects of WMH on perceptual speed preceded those on other cognitive systems; that is, WMHrelated deteriorations in perceptual speed were evident at relatively younger ages compared to other cognitive systems. These findings suggest that WMH initially contribute to loss of perceptual speed but ultimately are associated with progressive decline in multiple cognitive systems in old age.
This study extends prior work in three important ways. First, this study shows that WMH contribute to the earliest manifestation of cognitive impairment and this association is relatively independent of other MRI-based indicators of brain integrity (i.e., total gray matter volume) and several indices of vascular risk and disease. MCI, which is largely recognized as preclinical AD, poses an already large and rapidly increasing public health challenge, and efforts to combat it are primarily focused on strategies to reduce the burden of AD-related plaques and tangles. These findings suggest that WMH also contribute to preclinical AD. Ultimately, promotion of health and vitality in old age requires successful interventions to prevent the progressive cognitive decline that occurs prior to the onset of overt dementia, and it is important to note that, unlike AD pathology, WMH can be quantified relatively easily and inexpensively in vivo. Thus, older persons without cognitive impairment but in whom WMH are observed may be considered those at relatively higher risk of poor cognitive outcomes and may be among those most likely to benefit from interventions as they are developed. Consideration of WMH in treatment trials therefore may be warranted.
Second, this study greatly extends our understanding of the cognitive profile of WMH. We and others have previously reported cross-sectional associations of WMH with cognition, most notably perceptual speed and executive functions, and WMH are generally thought to have a relatively domain-specific effect on cognition. 11, 12, 21 In this study, we again observed that the impact of WMH on the initial level of cognition was domain specific, affecting perceptual speed only. However, WMH were associated with an increased rate of decline in multiple cognitive systems over time, including perceptual speed, working memory, episodic memory, and semantic memory; moreover, the findings for working memory, episodic memory, and semantic memory decline persisted even after adjustment for the initial level of perceptual speed, thereby supporting their relatively independent associations with WMH. The disparity between the WMH-cognition associations in initial level and rates of decline underscore the limited utility of one-time assessments of complex constructs such as cognition as a proxy for rate of change. Use of repeated measures of cognition annually over many years allowed us to precisely capture individual trajectories of change, and results showed that the impact of WMH on cognition is considerably more broad than previously recognized among persons initially free of cognitive impairment. Thus, interventions that target WMH may help preserve multiple cognitive systems in old age. Third, this study provides evidence that WMH are associated with deteriorations in perceptual speed at relatively younger ages compared to other domains, which are affected at relatively older ages (i.e., age interactions). The earlier, domain-specific effect of WMH on perceptual speed supports prior findings suggesting that WMH may underlie early cognitive decrements commonly attributed to "normal" aging and may explain the tendency for this cognitive system to decline before other cognitive systems. [21] [22] [23] However, our findings suggest that WMH also are associated with deterioration in other cognitive abilities including working memory, semantic memory, and even episodic memory, the hallmark of AD, albeit at relatively older ages. This suggests that cognitively intact older persons with WMH are likely to exhibit subsequent loss of function in multiple cognitive domains, and WMH may serve as a relatively early biomarker for impending and generalized cognitive decline.
There are several potential mechanisms via which WMH may affect the risk of MCI and rate of cognitive decline in old age. WMH are thought in part to represent cerebral microvascular disease due to ischemic injury and gliosis, and these alterations can reflect an evolving pathologic process. Indeed, prior work has shown that WMH are related to indices of white matter pathology derived from the brain and that baseline levels of WMH are related to the rate of progression of WMH. 24, 25 Thus, it is possible that persons with greater WMH volumes at baseline were more likely to exhibit poorer cognitive outcomes later as a consequence of more severe small vessel disease. In addition, WMH cooccur with and may also be related to other neurodegenerative processes such as Alzheimer's and Lewy body disease, and the association of WMH with cognitive decline may reflect an increasing burden of pathology in general or the complex interplay between comorbid pathologies. That is, WMH may lower the threshold at which other pathologies impair cognition and thus may decrease cognitive reserve or the ability to tolerate brain injury. Finally, WMH may reflect or be related to separate processes such as inflammation or other forms of vascular pathology and thus may affect cognition via other mechanisms. At present, it remains unknown whether the differential temporal relations of WMH with rates of decline in the cognitive systems (e.g., perceptual speed early vs. episodic memory later) are due to the progression of small vessel disease specifically, the influence of other age-related pathologies, or decreased cognitive reserve in general. Future research is needed to clarify the basis of the association of WMH with loss of cognitive function in old age.
Strengths of this study include the detailed, uniform clinical evaluations to establish clinical diagnoses and annual cognitive testing using psychometrically sound measures for up to 6 years to quantify individual trajectories. In addition, WMH as well as gray matter volumes were quantified using an automated procedure, and other potentially important confounders of the association of WMH with cognitive outcomes also were considered (i.e., vascular conditions). Limitations include the single assessment of WMH rather than assessment of change in WMH over time. However, we are collecting longitudinal scans and will examine the functional consequences of change in WMH when possible, as such data are needed to more fully elucidate the impact of WMH on late life cognitive outcomes.
